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Abstract
We study the force of light on a two-level atomnear an ultrathin optical fiber using themode function
method and theGreen tensor technique.We show that the total force consists of the driving-field
force, the spontaneous-emission recoil force, and the fiber-induced van derWaals potential force.
Due to the existence of a nonzero axial component of thefield in a guidedmode, the Rabi frequency
and, hence, themagnitude of the force of the guided driving fieldmay depend on the propagation
direction.When the atomic dipole rotates in themeridional plane, the spontaneous-emission recoil
forcemay arise as a result of the asymmetric spontaneous emissionwith respect to opposite
propagation directions. The van derWaals potential for the atom in the ground state is off-resonant
and opposite to the off-resonant part of the van derWaals potential for the atom in the excited state.
Unlike the potential for the ground state, the potential for the excited statemay oscillate depending on
the distance from the atom to the fiber surface.

1. Introduction

It is known that the interaction between light and an atom leads to an optical force. Exerting controllable optical
forces on atomsfinds important applications inmany areas of physics, in particular in laser cooling and
trapping. A large number of schemes for such phenomena have been proposed, studied, and implemented [1, 2].
A common feature of the cooling and trapping schemes for atoms in free space is that the average of the recoil
overmany spontaneous emission events results in a zero net effect on themomentum transfer. Thence, the
optical forces on atoms in free space are determined by only the absorption and stimulated emission of light and
the light shifts of the ground and excited states [1, 2].

An atomnear amaterial object undergoes a dispersion force, which can be called the van derWaals force or
theCasimir–Polder force in the nonretarded or retarded interaction regime [3–6]. The van derWaals
interactions between atoms and cylinders have been studied [7–14]. Inmost of the previous work, the atoms
were considered as point-like polarizable particles.When an atom is driven by an externalfield near an object,
the van derWaals interaction depends on the atomic excitation. In addition, the atomundergoes a radiation
force, which depends on thefield intensity, the field polarization, and the atomic dipole orientation.Moreover,
due to the presence of the object, a nonzero spontaneous emission recoil foremay appear.

Indeed, for atomsnear a nanofiber [15–20], aflat surface [20–22], a photonic topologicalmaterial [23, 24], a
photonic crystal waveguide [25], or a nonreciprocalmedium [26], spontaneous emissionmaybecome asymmetric
with respect to opposite directions. This directional effect is due to spin–orbit coupling of light carrying transverse
spin angularmomentum [27–33]. Asymmetric spontaneous emissionmay lead to a nonzero average spontaneous
emission recoil and, hence,may contribute to theoptical force on the atoms. Inparticular, a lateral spontaneous
emission recoil forcemay arise for an initially excited atomwith a rotating dipole near a nanofiber [19, 20], aflat
surface [20, 22], or a photonic topologicalmaterial [23, 24]. Such a lateral force appears because, in thepresence of
amaterial object, the interactionbetween the radiationfield and the atomwith a rotating dipole is chiral [15–26].
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For an atomdriven by a guided field, the Rabi frequencymay depend on the field propagation direction. The
effects of the directional dependencies of the spontaneous emission rate and theRabi frequency on the optical
force for an atomnear an ultrathin optical fiber have recently been studied [34]. TheCasimir–Polder potential of
an atomdriven by a laser field near aflat surface has been calculated [35]. It is worth noting that asymmetric
coupling not only allows one to selectively excitemodes in a preferential direction but also leads to effects like
modified superradiance and subradiance [36, 37], nonreciprocal transmission [38], andmodified strong-
coupling regime [39].

The aimof this paper is to present a significant extension and comprehensive treatment for the force of light
on a two-level atomnear an ultrathin optical fiber.We calculate analytically and numerically all the components
of the force of light. Furthermore, in this paperwe use themode functionmethod aswell as theGreen function
technique and show the connection between them. This gives us access tomore details and broader insights. In
particular, we compute the van derWaals potentials for the atom in the ground and excited states.

The paper is organized as follows. In section 2we describe themodel system. Section 3 is devoted to deriving
the expressions for the force in terms of themode functions and theGreen tensor. In section 4we present
numerical results. Our conclusions are given in section 5.

2.Model

Weconsider a two-level atomdriven by a classical field in a guidedmode of a vacuum-clad ultrathin opticalfiber
(see figure 1). The atomhas an upper energy level eñ∣ and a lower energy level gñ∣ , with energies ÿωe and ÿωg,
respectively. The atomic transition frequency isω0=ωe−ωg. Thefiber is a dielectric cylinder of radius a and
refractive index n1>1 and is surrounded by an infinite background vacuumor airmediumof refractive index
n2=1.We useCartesian coordinates {x, y, z}, where z is the coordinate along the fiber axis, and also cylindrical
coordinates {r,j, z}, where r andj are the polar coordinates in the fiber transverse plane xy. In addition to the
classical guided driving field, the quantum electromagnetic field interacts with the atom leading to spontaneous
emission and energy level shift.

2.1.Quantum electromagneticfield
The positive-frequency partE(+) of the electric component of the field can be decomposed into the
contributions Eg

+( ) and Er
+( ) from guided and radiationmodes, respectively, as

E E E . 1g r= ++ + + ( )( ) ( ) ( )

In view of the very low losses of silica in thewavelength range of interest, we neglectmaterial absorption.
Regarding the guidedmodes, we assume that the fiber supports the fundamentalHE11mode and a few

higher-ordermodes [40] in a finite bandwidth around the atomic transition frequencyω0.We label each guided
mode in this bandwidth by an index Nfpm w= ( ). Here,ω is themode frequency, the notationN=HElm, EHlm,
TE0m, or TM0m stands for themode type, with l=1, 2, ...being the azimuthal order andm=1, 2, ...being the
radialmode order, the index f=+1 or−1 denotes the forward or backward propagation direction along the
fiber axis z, and p is the polarization index. TheHElm and EHlmmodes are hybridmodes. For thesemodes,
the azimuthal order is l 0¹ , and the index p is equal to+1 or−1, indicating the counterclockwise or clockwise

Figure 1.A two-level atomdriven by guided light of an ultrathin optical fiber.

2

New J. Phys. 20 (2018) 093031 F LKien et al



circulation direction of the helical phasefront. The TE0m andTM0mmodes are transverse electric andmagnetic
modes. For thesemodes, the azimuthalmode order is l=0 and, hence, themode polarization is single and the
polarization index p can take an arbitrary value. For convenience, we assign the value p=0 to the polarization
index p for TE0m andTM0mmodes. In the interaction picture, the quantum expression for the positive-
frequency part Eg

+( ) of the electric component of the field in guidedmodes is [18]

aE ei
4

e . 2t f z pl
g

0

i
å wb

p
=

¢

m
m

m w b j+ - - - ( )( ) ( ) ( )

Here, re e , j=m m ( )( ) ( ) is the profile function of the guidedmodeμ in the classical problem, aμ is the

corresponding photon annihilation operator, dNfp 0ò wå = åm
¥

is the generalized summation over the guided

modes,β is the longitudinal propagation constant, and b¢ is the derivative ofβwith respect toω. The constantβ
is determined by the fiber eigenvalue equation [40]. The operators aμ and am

† satisfy the continuous-mode

bosonic commutation rules a a, NN ff ppd w w d d d= - ¢m m¢ ¢ ¢ ¢[ ] ( )† . The normalization condition for the guided

mode profile function e m( ) is

n r red d 1, 3
0

2

0
ref
2 2ò òj =

p
m

¥
∣ ∣ ( )( )

where nref(r)=n1 for r<a and n2 for r>a. The explicit expressions for the profile functions e(μ) of guided
modes are given in [40, 41]. An important property of themode functions of hybrid andTMmodes is that the
longitudinal component ez is nonvanishing and in quadrature (π/2 out of phase)with the radial component er.

For radiationmodes, the longitudinal propagation constantβ for each value of the frequencyω can vary
continuously, from kn2- to kn2 (with k=ω/c).We label each radiationmode by an index lpn wb= ( ), where
l=0,±1,±2, ...is themode order and p ,= + - is themode polarization. In the interaction picture, the
quantum expression for the positive-frequency part Er

+( ) of the electric component of thefield in radiation
modes is [18]

aE ei
4

e . 4t z l
r

0

i
å w

p
=

n
n

n w b j+ - - - ( )( ) ( ) ( )

Here, re e , j=n n ( )( ) ( ) is the profile function of the radiationmode ν in the classical problem, aν is the

corresponding photon annihilation operator, and d dlp kn

kn

0 2

2

ò òw bå = ån
¥

-
is the generalized summation

over the radiationmodes. The operators aν and an
† satisfy the continuous-mode bosonic commutation rules

a a, ll ppd w w d b b d d= - ¢ - ¢n n ¢ ¢ ¢[ ] ( ) ( )† . The normalization condition for the radiationmode profile function
e(ν) is

n r re ed d . 5l l p p
0

2

0
ref
2

, ,*ò òj d w w= - ¢
p

n n
b b

¥
¢

= ¢ = ¢ = ¢[ ] ( ) ( )( ) ( )

The explicit expressions for themode functions e(ν) are given in [18, 40].

2.2. Classical guided drivingfield
Wedescribe the classical guided drivingfield.We assume that the driving field is prepared in a hybridHEor EH
mode, a TEmode, or a TMmode. LetωL be the frequency of the field. For a quasicircularly polarized hybrid
HElm or EHlmmodewith propagation direction fL and phase circulation direction pL, thefield amplitude is

e p e f er z e , 6r L L z
f z p li iL L L  j= + +j
b j+( ˆ ˆ ˆ) ( )

where is a constant. For a TE0mmodewith propagation direction fL, thefield amplitude is

e e . 7f zi L L  j= j
bˆ ( )

For a TMmodewith propagation direction fL, thefield amplitude is

e f er z e . 8r L z
f zi L L = + b( ˆ ˆ) ( )

Quasilinearly polarized hybridmodes are linear superpositions of counterclockwise and clockwise quasicircu-
larly polarized hybridmodes. The amplitude of the guided field in a quasilinearly polarized hybridmode can be
written in the form

e l e l f e lr z2 cos i sin cos

e , 9

r L z

f z

pol pol pol

i L L

  jj j j j j j= - + - + -

´

j

b

[ ( ) ˆ ( ) ˆ ( ) ˆ]

( )

where the phase anglejpol determines the orientation of the symmetry axes of themode profile in the fiber
transverse plane. In particular, the specific valuesjpol=0 andπ/2 define two orthogonal polarization profiles,
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called even and odd, respectively. In equations (6)–(9), themode profile function components er, ej, and ez are
evaluated atω=ωL andβ=βL.

2.3. Atom-field interaction
We introduce the atomic operators i jijs = ñá∣ ∣, where i, j=e, g. The operators e gegs = ñá∣ ∣and g eges = ñá∣ ∣
describe the upward and downward transitions, respectively. The operators e eees = ñá∣ ∣and g gggs = ñá∣ ∣
describe the populations of the upper and lower levels, respectively.We denote the position of the atomas
(r,j, z).

TheHamiltonian for the atom-field interaction in the dipole approximation is given by

H G a

G a

2
e i e

i e H.c., 10

eg
t

eg
t

ge
t

int
i i

i

L 0 0

0

 



å

å

s s

s

=- W -

- +

w w

a
a a

w w

a
a a

w w

- - - -

- +˜ ( )

( ) ( )

( )

where d W = · is the Rabi frequency, the notationsα=μ, ν and å = å + åa m n stand for the general
mode index and the fullmode summation, respectively, and the coefficients

G

G

d e

d e

4
e ,

4
e , 11

f z pl

z l

0

i

0

i

 

 

wb
p
w

p

=
¢

=

m
m b j

n
n b j

+

+

( · )

( · ) ( )

( ) ( )

( ) ( )

and

G

G

d e

d e

4
e ,

4
e 12

f z pl

z l

0

i

0

i

*

*





wb
p
w
p

=
¢

=

m
m b j

n
n b j

+

+

˜ ( · )

˜ ( · ) ( )

( ) ( )

( ) ( )

characterize the coupling of the atomwith the guidedmodeμ and the radiationmode ν. Here, e gd D= á ñ∣ ∣ is
thematrix element of the atomic dipole operatorD. The coefficientGα characterizes the coupling of the atom
withmodeα via the corotating term aegs a. The coefficient Ga˜ describes the coupling of the atomwithmodeα
via the counterrotating termσge aα. In deriving theHamiltonian (10)wehave used the rotating-wave
approximation for the driving field but not for the quantum field.

3. Radiation force on an atom

The interaction between an atom and the lightfield affects the internal state of the atomand leads to a radiation
force.

3.1. Excitation of an atom
Weconsider the excitation of an atom.We call Ir( ) the density operator of the atomic internal state in the
interaction picture.We introduce the phase-shifted density operator ρwith thematrix elements ,ee ee

Ir r= ( )

gg gg
Ir r= ( ), ege ge

I ti L 0r r= w w- -( ) ( ) , and eeg eg
I ti L 0r r= w w-( ) ( ) .We obtain the generalized Bloch equations [1]

i

2
,

i

2
,

i

2 2
i . 13

ee ge eg ee

gg ge eg ee

ge ee gg ge

*

*

*

r r r r

r r r r

r r r r

= W - W - G

=- W - W + G

= W - -
G

+ D⎜ ⎟⎛
⎝

⎞
⎠

˙ ( )

˙ ( )

˙ ( ) ( )

Here, L 0w wD = - ˜ is the detuning of the frequencyωL of the driving field from the frequency 0 0 0w w dw= +˜
of the atomic transition between the shifted levels, with [42]

G G
. 140

2

0

2

0

ådw
w w w w

= -
-

-
+a

a a⎛
⎝⎜

⎞
⎠⎟

∣ ∣ ∣ ∣ ( )
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The parameterΓ=γg+γr is the rate of spontaneous emission, with [18]

G2 15
Nfp

Nfpg
2

0åg p= w∣ ∣ ( )

and

G2 d 16
lp k n

k n

lpr
2

0 2

0 2

0òåg p b= w b
-

∣ ∣ ( )

being the contributions from the resonant guided and radiationmodes, respectively.
We consider the regimewhere the atom is at rest and in the steady state. In this regime, we can set the

derivatives in equations (13) to zero. Then, we obtain [1]

s

s

s

1

2 1

4

4 2
,

i

2i 1

i 2i 4

4 2
, 17

ee

eg

2

2 2 2

2 2 2

r

r

=
+

=
W

D + G + W

=
W

G - D +
=

W G + D
D + G + W

∣ ∣
∣ ∣

( )( )
( )

∣ ∣
( )

where

s
2

4
18

2

2 2
=

W
D + G

∣ ∣ ( )

is the saturation parameter.

3.2. Force on an atom in terms of themode functions
Weconsider the center-of-massmotion of the atom andperform a semiclassical treatment for thismotion. In
such a treatment, the center-of-massmotion is governed by the force calculated from the quantum internal state
of the atom. The force of the lightfield on the atom is defined by the formula

HF . 19int= -á ñ ( )

Weuse the interaction picture. Inserting equation (10) into equation (19) gives the following expression for the
force:

G a

G a

F
2

e i e

i e c.c. . 20

eg
t

eg
t

ge
t

i i

i

L 0 0

0

 



å

å

s s

s

 



= W á ñ + á ñ

+ á ñ +

w w

a
a a

w w

a
a a

w w

- - - -

- +

⎧⎨⎩
⎫⎬⎭

( ) ( )

( ˜ ) ( )

( ) ( )

( )

Meanwhile, theHeisenberg equation for the photon operator aα is a G Ge ege
t

eg
ti i0 0* *s s= +a a

w w
a

w w- +˙ ˜( ) ( ) .
Integrating this equation, we find

a t a t G t t G t td e d e , 21
t

t

ge
t

t

t

eg
t

0
i i

0

0

0

0* *ò òs s= + ¢ ¢ + ¢ ¢a a a
w w

a
w w- ¢ + ¢( ) ( ) ( ) ˜ ( ) ( )( ) ( )

where t0 is the initial time. In deriving equation (21), we have neglected the time dependence of the position of
the atom.We consider the situationwhere the quantum electromagnetic field is initially in the vacuum state.We
assume that the evolution time t−t0 and the characteristic atomic lifetime τ are large as compared to the
characteristic optical periodT=2π/ω0. Under these conditions, since the continuumof thefieldmodes is
broadband and the interaction between the atomand the field is weak, the Born–Markov approximation

t tge ges s¢ =( ) ( ) can be applied to describe the back action of the second and third terms in equation (21) on the
atom [42]. Under the condition t−t0?T, we calculate the integral with respect to t ¢ in the limit t t0-  ¥.
With the above approximations, we obtain

a t a t G t G t

G t

i e

i e , 22

ge ge
t

eg
t

0 0
i

0

i

0

0

0

* *

*





p s d w w s
w w

s
w w

= + - -
-

-
+

a a a a
w w

a
w w

-

+

( ) ( ) ( ) ( ) ( )

˜ ( ) ( )

( )

( )

where the notation  stands for the principal value.We substitute equation (22) into equation (20) and neglect
fast-oscillating terms.With the use of the relations ,ee ee gg ggr s r s= á ñ = á ñ, ege eg

ti L 0r s= á ñ w w- -( ) , and

eeg ge
ti L 0r s= á ñ w w-( ) , we obtain [34]

F F F F F , 23ee ee
e

gg
gdrv spon vdW vdWr r r= + + + ( )( ) ( ) ( ) ( )
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where

F
2

24ge eg
drv *


r r = W + W( ) ( )( )

is the force resulting from the interactionwith the driving field,

G G G GF i 25spon

0

0 0 0 0
* *åp  = -

a
a a a a( ) ( )( )

is the force resulting from the recoil of spontaneous emission of the atom in the excited state [19], and

G
F 26evdW

2

0

 å w w
=

-a

a∣ ∣ ( )( )

and

G
F 27gvdW

2

0

 å w w
=

+a

a∣ ∣ ( )( )

are the forces resulting from the van derWaals potentials for the excited and ground states, respectively. In
equation (25), the notationα0 is the label of a resonant guidedmode Nfp0 0m w= ( ) or a resonant radiation
mode lp0 0n w b= ( ), and the generalized summation

0
åa is defined as

0 0 0
å = å + åa m n with Nfp0

å = åm

and dlp k n

k n

0 0 2

0 2

ò bå = ån -
.We note that F spon( ) and F evdW( ) enter equation (23)with theweight factor ρee, while

F gvdW( ) enters with theweight factor ρgg. The term F Fee
scatt sponrº( ) ( ) is the force produced by the recoil of the

photons that are scattered from the atomwith the excited-state population ρee. In deriving equation (27)wehave
used the symmetry property G G2 2=a a∣ ˜ ∣ ∣ ∣˜ , where N f p, , ,a m w= = - -˜ ˜ ( ) forα=μ=(ω,N, f, p) in the
case of guidedmodes and l p, , ,a n w b= = - -˜ ˜ ( ) forα=ν=(ω,β, l, p) in the case of radiationmodes [18].

The force F drv( ) of the drivingfield includes the effects of themomentum transfers in the competing
elementary absorption and stimulated emission processes. This force also includes the effect of the AC-Stark
shifts of the atomic energy levels.

The forces F evdW( ) and F gvdW( ) are produced by the van derWaals potentialsUe andUg [43], that is,
UF e

e
vdW = -( ) and UF g

g
vdW = -( ) . These body-induced potentials are given as

U
G

E

U
G

E

,

, 28

e e

g g

2

0

vac

2

0

vac









å

å

w w
d

w w
d

=-
-

-

=-
+

-

a

a

a

a

∣ ∣

∣ ∣ ( )

( )

( )

where Ee
vacd ( ) and Eg

vacd ( ) are the energy level shifts induced by the vacuum field in free space (in the absence of
the fiber). Note that E Ee g

vac vac
0
vacd d dw- =( ) ( ) ( ), where 0

vacdw( ) is the Lamb shift of the transition frequency
of the atom in free space. The detuning of the field from the atomnear the fiber can be written as 0D = D -
U Ue g -( ) , where L0 0 0

vacw w dwD = - - ( ) is the detuning of the field from the atom in the absence of
the fiber.

We now calculate the individual components of the force. First, we calculate the axial component Fz of the
total force.Whenwe use the symmetry of themode profile functions, wefind F F 0z

e
z

gvdW vdW= =( ) ( ) . Then, the
axial component Fz of the total force is found to be

F F F , 29z z ee z
drv sponr= + ( )( ) ( )

where

F
f

F

i

2
,

d . 30

z
L L

ge eg

z
N

N
N N

k n

k n

drv

spon
0 g g r

0 2

0 2

*


 òå

b
r r

b g g bg b

= W - W

=- - - b+ -

-

( )

( ) ( )

( )

( ) ( ) ( ) ( ) ( )

Here, we have introduced the notation

G2 31N
f

p
Nfpg

2
0åg p= w∣ ∣ ( )( )

for the rate of spontaneous emission into the guidedmodes of typeNwith the propagation direction f=±, and
the notation

G2 32
lp

lpr
2

0åg p=b
w b∣ ∣ ( )( )
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for the rate of spontaneous emission into the radiationmodeswith the axial componentβ of thewave vector. It
is clear that Fz

drv( ) is the recoil of the absorbed photons and Fee z
sponr ( ) is the recoil of the photons re-emitted into

guided and radiationmodes. The component Fz
drv( ) is a light pressure force [1].

We can show that F d dImz r z
spon *µ [ ]( ) . Thus, Fz

spon( ) is nonzerowhen d dIm 0r z* ¹[ ] , that is, when the
atomic dipole rotates in themeridional plane rz. In the case where d dIm 0r z* =[ ] , spontaneous emission is
symmetric with respect to the forward and backward directions. In this case, we have F 0z

spon =( ) and
hence F Fz z

drv= ( ).
For the atom in the steady-state regime, wefind the expression F fz L L ee

drv b r= G( ) . In this case, we have

F f d . 33z ee L L
N

N
N N

k n

k n

0 g g r
0 2

0 2

 òår b b g g bg b= G - - - b+ -

-

⎧⎨⎩
⎫⎬⎭( ) ( )( ) ( ) ( ) ( )

Next, we calculate the radial component Fr of the total force.Making use of the symmetry properties of the
mode functions, we can show that F 0r

spon =( ) . Then, the radial component Fr of the total force is found to be

F F F F , 34r r ee r
e

gg r
gdrv vdW vdWr r= + + ( )( ) ( ) ( )

where
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Due to the evanescent-wave behavior of guidedmodes in the transverse plane, the radial component Fr
drv( ) of the

force of the driving field in a guidedmode is a gradient force (dipole force) [1].
Finally, we calculate the azimuthal component Fj of the total force. The result is

F F F F F , 36ee ee
e

gg
gdrv spon vdW vdWr r r= + + +j j j j j ( )( ) ( ) ( ) ( )
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It is clear that the azimuthal component F drv
j
( ) of the driving-field force is determined by the gradient of the Rabi

frequency of the drivingfieldwith respect to the azimuthal anglej. This component is, in general, a combination
of the pressure and gradient forces in the azimuthal direction [1].We can show that F d dIm r

spon *µj j[ ]( ) . This

resultmeans that F spon
j
( ) is nonzerowhen d dIm 0r* ¹j[ ] , that is, when the atomic dipole rotates in the fiber

transverse plane xy.

3.3. Force in terms of theGreen tensor
Expressions (25)–(27) describe the spontaneous-emission recoil force F spon( ) and the van derWaals forces
F evdW( ) and F gvdW( ) in terms of themode functions. These forces can also be presented in terms of theGreen
tensor [43, 44]. The explicit expression for theGreen tensor G of a two-layer fiber is given in [45–47]. The
connection between theGreen tensor and themode functions is given in appendix.

With the help of equations (A.4) and (11), we can rewrite equation (25) for the spontaneous-emission recoil
force F spon( ) as

c
F d G R R d

i
Im , ; c.c ., 38R R

spon 0
2

0
2

R
0 *


w

w= ¢ +¢={ · [ ( )] · }∣ ( )( ) ( )

where G R( ) is the reflected part of theGreen tensor. The equivalence of equations (38) and (25) can be easily
verified by substituting equations (A.4) into equation (38) andmaking use of equations (11). It is clear from
equation (38) that, when d is a real vector, that is, when the dipole of the atom is linearly polarized, we have
F 0spon =( ) . However, whend is a complex vector, that is, when the dipole of the atom is elliptically polarized, we
may obtain F 0spon ¹( ) .

Similarly, with the help of equations (A.4) and (11), we can rewrite equations (28) for the van derWaals
potentialsUe andUg as
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Wecan easily verify the equivalence of equations (39) and (28) by substituting equations (A.4) into equation (39)
andmaking use of equations (11). It follows from the reciprocity property G GR R R R, ; , ;ij ji

R Rw w¢ = ¢( ) ( )( ) ( ) that
Ue andUg are real functions.

We use the contour integral technique to change the integrals in equations (39) to the imaginary frequency.
Then, we obtain [43]
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Thefirst and second terms in the expression forUe in equations (40) are, respectively, the off-resonant partUe
off( )

and the resonant partUe
res( ) of the van derWaals potential for the excited state eñ∣ [43]. Thus, we canwrite

U U Ue e e
off res= +( ) ( ), where
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The potentialUg for the ground state gñ∣ does not contain a resonant part. Note thatUg is opposite to the off-
resonant partUe

off( ) ofUe, that is,U Ug e
off= - ( ).

Thus, expression (23) for the total radiation force F can be rewritten as

c
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Note that, since uG R RIm , ; i 0R =[ ( )]( ) , we can replace uG R RRe , ; iR[ ( )]( ) in equations (40)–(42) by
uG R R, ; iR ( )( ) . The second term in equation (42) contains an integral over the imaginary frequency. This term

describes the effects of the off-resonant van derWaals potentialsUe
off( ) andU Ug e

off= - ( ) on the force. The last

term in equation (42) corresponds to the resonant excited-state van derWaals potentialUe
res( ) and the scattered-

photon recoil.
Equation (42) is in agreement with the results of [43], wheremultilevel atomswere considered.Whenwe

neglect the second term in equation (42), which corresponds to the off-resonant part of the van derWaals force,
and assume theweak excitation regime, we can reduce equation (42) to

GF R R
1

2
Re

2
Re , ; , 43

i x y z
i i

i j x y z
i ij j R R

, ,

0
2

0

, , ,

R
0* *å å

w m
w = Ã + Ã ¢ Ã

= =
¢=( ) { [ ( )] }∣ ( )( )

where Ã a= is the positive frequency component of the induced dipole, with

d d

i 2
44

*


a = -
D + G( )

( )

being thefiber-enhanced atomic polarizability tensor. Under the conditionωL;ω0, equation (43) is in
agreementwith the results of [44] for classical point dipoles.

4.Numerical calculations

Wecalculate numerically the force acting on the atom in the case where it is at rest and in the steady state.We use
thewavelength 780 nm0l = and the natural linewidth γ0/2π=6.065 MHz,which correspond to the
transitions in theD2 line of a

87Rb atom. The atomic dipolematrix element d is calculated from the formula
d c30

2
0
3

0
3 g w p= for the natural linewidth of a two-level atom.We assume that thefiber radius is

a=350 nm, and the refractive indices of the fiber and the vacuumcladding are n1=1.453 7 and n2=1,
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respectively. Thefiber can support theHE11, TE01, TM01, andHE21modes. The atom is positioned on the x axis
if not otherwise specified. The driving field is prepared in a quasilinearly polarized hybridHEmode, a TEmode,
or a TMmode. In the case ofHEmodes, we choose the x polarization, which leads to amaximal longitudinal
component of thefield at the position of the atom.

4.1.Driving-field force
Wefirst calculate the driving-field force F drv( ).We plot infigure 2 the radial dependence of the axial component
Fz

drv( ) of the driving-field force in the cases where the driving field is at exact resonancewith the atom (Δ=0)
and the dipole orientation vector dd dºˆ coincides with one of the unit basis vectors x y,ˆ ˆ , and ẑ of the
Cartesian coordinate system. As alreadymentioned in the previous section, Fz

drv( ) is a pressure force. Figure 2
shows that Fz

drv( ) depends on themode type and the orientation of the dipole vector.We note that for the

parameters offigure 2, the radial component Fr
drv( ) and the azimuthal component F drv

j
( ) vanish and are therefore

not plotted. These transverse components of the driving-field force F drv( ) may appear when the dipole
orientation vector is arbitrary or thefield detuning is nonzero.

We show infigure 3 the radial dependencies of the components F F,z r
drv drv( ) ( ), and F drv

j
( ) of the driving-field

force in the case where the driving field is at exact resonancewith the atom (Δ=0) and the dipole orientation
vector is d x y z 3= + +ˆ (ˆ ˆ ˆ) .We observe from figure 3(b) that, when the dipole is not strictly oriented along
the x, y, or z direction, the radial force component Fr

drv( ) can be nonzero even thoughΔ=0. This feature is a
consequence of the vector nature of the guided driving field. The dashed–dottedmagenta curve infigure 3(c)
indicates that the azimuthal force component F drv

j
( ) for theHE21mode can be negative or positive depending on

the radial position r.
We plot infigure 4 the radial dependencies of the axial component Fz

drv( ) and the radial component Fr
drv( ) of

the driving-field force in the case where the detuning of the driving field isΔ/2π=−100MHz and the dipole
orientation vector is d x^ ^= . Thefigure shows that, when the detuningΔ is large, the radial component Fr

drv( ) is

much larger than the axial component Fz
drv( ). For the parameters of figure 4, the force F(drv) for the TEmode and

the azimuthal component F drv
j
( ) for all themodes vanish and are therefore not plotted.

Due to the presence of a nonzero axial component f ez L z µ of the guided probefield, the absolute value of

the axial component Fz
drv( ) of the driving-field forcemay depend on the field propagation direction fL [34].We

plot infigure 5 the radial dependence of Fz
drv( ) in the case where the driving field is at exact resonancewith the

atomand the dipole orientation vector is d x zi 2= -ˆ ( ˆ ˆ) .We observe from thefigure that the absolute value
of Fz

drv( ) depends on fL. For the parameters offigure 5, the force F drv( ) for the TEmode and the components Fr
drv( )

and F drv
j
( ) for all themodes vanish and are therefore not plotted.

In order to get insight into the origin of the dependence of the driving-field force on the propagation
direction, we perform a simple analysis. For an x-polarized hybridmode or a TMmodewith the propagation

Figure 2.Radial dependence of the axial component Fz
drv( ) of the driving-field force F drv( ) of a resonant (Δ=0) guided lightfield on a

two-level atom. The incident lightfield is in an x-polarizedHE11mode (solid red curves), a TE01mode (dashed green curves), a TM01

mode (dotted blue curves), or an x-polarizedHE21mode (dashed–dottedmagenta curves) and propagates in the forward fL=+1

direction along thefiber axis zwith a powerP=1 pW.The atom is positioned on the x axis. The dipole orientation vector is d x=ˆ ˆ
(a), ŷ (b), and ẑ (c). The dipolemagnitude d corresponds to the natural linewidth γ0/2π=6.065 MHz of theD2 line of a

87Rb atom.
The fiber radius is a=350 nm. Thewavelength of the atomic transition isλ0=780 nm. The refractive indices of thefiber and the
vacuum cladding are n1=1.453 7 and n2=1, respectively. The fiber-induced shift of the atomic transition frequency is neglected.
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direction fL, thefield at the position of the atom is e f ex z0 r L z j = µ +( ) ˆ ˆ . For d x ziµ -ˆ ˆ , the Rabi
frequency is e f ei r L zW µ - . Since the relative phase between the complex amplitudes er and ez isπ/2, the
magnitude ofΩ is proportional to e er z-∣ ∣ ∣ ∣or e er z+∣ ∣ ∣ ∣depending on fL. The direction dependence ofΩ leads
to the direction dependence of the excited-state population ρee, which is proportional to 2W∣ ∣ in the non-
saturation regime. The corresponding difference between the excited-state populations eer +( ) and eer -( ) for the

opposite propagation directions fL = + and fL = - is e eee ee ee r zr r rD º - µ+ - ∣ ∣∣ ∣( ) ( ) . This difference is

proportional to the electric transverse spin density f e eyImy L r z
e spin * r µ ´ µ- [ ] · ˆ ∣ ∣∣ ∣of the driving field

[41]. Due to spin–orbit coupling of light [27–33], the sign of y
e spinr - depends on fL. The direction dependence of

ρee leads to that of the absolute value of the force component F fz L L ee
drv b r= G( ) . Thus, the dependence of Fz

drv∣ ∣( )

on fL is a signature of spin–orbit coupling of light.
In general, the driving-field force F drv( ) depends on the azimuthal positionj of the atom.We plot in figure 6

the azimuthal dependence of the axial component Fz
drv( ) in the case where the driving field is at exact resonance

with the atomand the dipole orientation vector is d x zi 2= -ˆ ( ˆ ˆ) . In order to get a broader view, we plot in
figure 7 the spatial profile of Fz

drv( ) in thefiber transverse plane for an x-polarizedHE21mode.We observe from
figures 6 and 7 that Fz

drv( ) varies with varyingj and depends on fL. For the parameters offigures 6 and 7, the
components Fr

drv( ) and F drv
j
( ) vanish and are therefore not shown.

Figure 3.Radial dependencies of the components Fz
(drv) (a), Fr

drv( ) (b), and F drv
j
( ) (c) of the driving-field force F drv( ) of a resonant

(Δ=0) guided lightfield on the atom. The dipole orientation vector is d x y z 3= + +ˆ (ˆ ˆ ˆ) . Other parameters are as for figure 2.

Figure 4.Radial dependencies of the axial component Fz
drv( ) (a) and the radial component Fr

drv( ) (b) of the driving-field force F drv( ) of a

nonresonant guided lightfield on the atom. The detuning of thefield isΔ/2π=−100 MHz. The dipole orientation vector is d x=ˆ ˆ .
Other parameters are as forfigure 2.
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4.2. Spontaneous-emission recoil force
In this subsection, we study the spontaneous-emission recoil force F spon( ). This force appears when the atomic
dipole rotates in themeridional plane containing the atomic position, that is, when the dipole orientation vector
d̂ is a complex vector in the zx plane [19, 34].We plot infigure 8 the radial dependence of the axial component
Fz

spon( ) of the spontaneous-emission recoil force in the casewhere the dipole orientation vector is

d x zi 2= -ˆ ( ˆ ˆ) . Thefigure and its inset show that Fz
spon( ) oscillates with increasing r and can be negative and

positive, depending on the radial position r of the atom [19, 34]. The oscillations of Fz
spon( ) with varying r are due

to the oscillations of the decay rate into radiationmodes [18]. Such oscillations result from the interference due
to reflections from the fiber surface.

In general, the spontaneous-emission recoil force F spon( ) depends on the azimuthal positionj of the atom.
We plot infigure 9 the azimuthal dependence of the axial component Fz

spon( ) in the case where the dipole

orientation vector is d x zi 2= -ˆ ( ˆ ˆ) . The corresponding spatial profile of Fz
spon( ) in thefiber transverse plane

Figure 5.Radial dependence of the axial component Fz
drv( ) of the driving-field force F drv( ) of a resonant (Δ=0) guided lightfield on

the atomwith a complex dipolematrix element vector d x zi 2= -ˆ ( ˆ ˆ) . The incident lightfield is in an x-polarizedHE11mode (a), a
TM01mode (b), or an x-polarizedHE21mode (c) and propagates in the forward fL=+1 (solid red curves) or backward fL=−1
(dashed blue curves) direction along thefiber axis z. Other parameters are as forfigure 2.

Figure 6.Azimuthal dependence of the axial component Fz
drv( ) of the driving-field force F drv( ) of a resonant (Δ=0) guided light field

on the atomwith a complex dipolematrix element vector d x zi 2= -ˆ ( ˆ ˆ) . The incident light field is in an x-polarizedHE11mode
(a), a TE01mode (b), a TM01mode (c), or an x-polarizedHE21mode (d) and propagates in the forward fL=+1 (solid red curves) or
backward fL=−1 (dashed blue curves)direction along thefiber axis z. The distance from the atom to thefiber surface is
r−a=200 nm.Other parameters are as forfigure 2.
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is shown infigure 10. Thefigures show that themagnitude of Fz
spon( ) varies with varyingj.We also observe that

the sign of Fz
spon( ) depends onj.

According to equation (23), the spontaneous-emission recoil force F spon( ) enters the expression for the total
force F with theweight factor eer . It is clear that the force produced by the recoil of the scattered photons is

F Fee
scatt sponr=( ) ( ).We depict infigure 11 the radial dependence of the axial component Fz

scatt( ) of the scattering

recoil force for the parameters of figure 5. Thefigure shows that Fz
scatt( ) depends on the propagation direction fL

of the drivingfield. The propagation direction dependence of Fz
scatt( ) results from the propagation direction

Figure 7.Two-dimensional spatial profile of the axial component Fz
drv( ) of the driving-field force F drv( ) of a resonant (Δ=0) guided

light field on the atomwith a complex dipolematrix element vector d x zi 2= -ˆ ( ˆ ˆ) . The incident light field is in an x-polarized
HE21mode and propagates in the forward fL=+1 (a) or backward fL=−1 (b) direction along thefiber axis z. Other parameters are
as forfigure 2.

Figure 8.Radial dependence of the axial component Fz
spon( ) of the spontaneous-emission recoil force F spon( ) on the atomwith a

complex dipolematrix element d x zi 2= -ˆ ( ˆ ˆ) . Other parameters are as for figure 2. The inset shows the details of the oscillations
of Fz

spon( ) with increasing r.
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dependence ofΩ. Due to the evanescent-wave behavior of the radial dependence of the drivingfield intensity,
the oscillations and changes in sign of Fz

scatt( ) are small and, hence, hard to see infigure 11.
Note that, due to the cylindrical symmetry, the radial components Fr

spon( ) and Fr
scatt( ) of the spontaneous-

emission and scattering recoil forces are zero. Therefore, these force components are not plotted. For the
parameters offigures 8–11, the azimuthal components F spon

j
( ) and F scatt

j
( ) vanish and are therefore not shown.

However, F spon
j
( ) and, hence, F scatt

j
( ) may arise in the casewhere the dipole orientation vector is a complex vector

in the fiber transverse plane xy.We plot infigure 12 the radial dependence of the azimuthal component F spon
j
( ) of

the spontaneous-emission recoil force in the case where the dipole orientation vector is d x yi 2= +ˆ (ˆ ˆ ) .

Figure 12 and its inset show that, like Fz
spon( ) in the case offigure 8, F spon

j
( ) oscillates with increasing r and can be

negative and positive. For the parameters of figure 12, the axial component Fz
spon( ) vanishes and is therefore not

plotted.

4.3. Fiber-induced van derWaals potential and force
In this subsection, we calculate thefiber-induced van derWaals potentialsUg andUe for the atom in the ground
and excited states.We plot infigures 13 and 14(a) the radial dependencies of the potentialsUg andUe,
respectively.We show infigure 14(b) the resonant partUe

res( ) of the potentialUe for the excited state.We observe
from the figures that bothUg andUe depend on the orientation of the atomic dipole.We also observe thatUg

variesmonotonically whileUe oscillates with increasing r. Themagnitude ofUe is substantially larger than that of

Figure 9.Azimuthal dependence of the axial component Fz
spon( ) of the spontaneous-emission recoil force F spon( ) on the atomwith a

complex dipolematrix element d x zi 2= -ˆ ( ˆ ˆ) . The distance from the atom to thefiber surface is r a 200 nm- = . Other
parameters are as forfigure 2.

Figure 10.Two-dimensional spatial profile of the axial component Fz
spon( ) of the spontaneous-emission recoil force F spon( ) on the

atomwith a complex dipolematrix element d x zi 2= -ˆ ( ˆ ˆ) . Other parameters are as forfigure 2.
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Ug.We recall that the off-resonant part ofUe isU Ue g
off = -( ) . Comparison between figures 14(a) and (b) shows

that the potentialUe ismainly determined by its resonant partUe
res( ).

Depending on the dipole orientation, the potentialsUe andUgmay varywith varying azimuthal anglej of
the position of the atom in the fiber transverse plane.We plot infigure 15 the azimuthal dependencies of the

potentials in the cases where the dipole orientation vector is d x=ˆ ˆ and ẑ. The corresponding spatial profiles of
the potentials in the fiber transverse plane are shown infigure 16.We note that the dependencies ofUe andUg on
j lead to the azimuthal components F evdW

j
( ) and F gvdW

j
( ) of the van derWaals forces (seefigure 18).

We show infigure 17 the radial dependencies of the radial components Fr
evdW( ) and Fr

gvdW( ) of the van der

Waals forces on the atom in the excited and ground states.We observe from figure 17(b) that the force Fr
gvdW( )

for the ground state is always negative and the absolute value of this force reduces with increasing r.Meanwhile,
figure 17(a) shows that the force Fr

evdW( ) for the excited state oscillates with increasing r, and can take not only
negative but also positive values depending on the distance r.

Figure 11.Radial dependence of the axial component Fz
scatt( ) of the scattering recoil force F scatt( ) of a resonant (Δ=0) guided light

field on the atomwith a complex dipolematrix element vector d x zi 2= -ˆ ( ˆ ˆ) . The incident lightfield is in an x-polarizedHE11
mode (a), a TM01mode (b), or an x-polarizedHE21mode (c) and propagates in the forward fL=+1 (solid red curves) or backward
fL=−1 (dashed blue curves) direction along the fiber axis z. Other parameters are as for figure 2.

Figure 12.Radial dependence of the azimuthal component F spon
j
( ) of the spontaneous-emission recoil force F spon( ) on the atom. The

dipolematrix element of the atom is d x yi 2= +ˆ (ˆ ˆ ) . Other parameters are as forfigure 2. The inset shows the details of the
oscillations of F spon

j
( ) with increasing r.

14

New J. Phys. 20 (2018) 093031 F LKien et al



Depending on the orientation of the dipolematrix-element vector d and the position (r,j) of the atom in the
fiber transverse plane, the azimuthal components F evdW

j
( ) and F gvdW

j
( ) of the van derWaals forcesmay be

nonzero.We show infigure 18 the dependencies of the azimuthal components F evdW
j
( ) and F gvdW

j
( ) of the van

derWaals forces on the azimuthal anglej of the position of the atom.We observe that F evdW
j
( ) and F gvdW

j
( )

appearwhen the azimuthal angle between the dipole vector d and the radial vector r of the atomic position is
n 2j p¹ , with n being an integer number. In addition, F evdW

j∣ ∣( ) and F gvdW
j∣ ∣( ) achieve their largest values

when n4 2j p p= + .
We note that, in figures 13–17, the van derWaals potentials and the corresponding forces are

divergent when r/a is 1. This divergence is a consequence of the fact that, when the distance r−a from
the atom to the fiber surface is very small, the van derWaals potential of the atomnear the fiber can be
approximated by the van derWaals potential of an atomnear a flat dielectric surface, which is proportional
to r a1 3- -( ) .

Figure 13.Radial dependence of the potentialUg for a two-level atom in the ground state. The dipole orientation vector is d r=ˆ ˆ (red
solid curve), ĵ (green dashed curve), and ẑ (blue dotted curve). Other parameters are as forfigure 2.

Figure 14.Radial dependencies of the potentialUe (a) and its resonant partUe
res( ) (b) for a two-level atom in the excited state. The

dipole orientation vector is d r=ˆ ˆ (red solid curve), ĵ (green dashed curve), and ẑ (blue dotted curve). Other parameters are as for
figure 2.
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4.4. Total force
Finally, we compute the total force F of thefield on the atom.We plot infigure 19 the radial dependencies of the
axial component Fz and the radial component Fr of the total force F of thefield on the atom in the case where the
dipole orientation vector is d x=ˆ ˆ . In these numerical calculations, we take into account the effect of the fiber-
induced van derWaals potentials on the detuning of the driving field from the atomic transition frequency. Since
d is a real vector, we have F 0spon =( ) and, hence, F Fz z

drv= ( ). The radial component Fr of the total force is
composed of the radial component Fr

drv( ) of the driving-field force and the radial components Fr
evdW( ) and

Fr
gvdW( ) of the fiber-induced van derWaals forces with theweight factors ρee and ρgg, respectively. For the

parameters offigure 19, the azimuthal component Fj of the total force is zero and is therefore not shown.We
observe fromfigure 19(a) that the axial component Fz of the force of theHE21mode is larger than that of the
othermodes. Figure 19(b) shows that the radial component Fr of the total force can be positive or negative

Figure 15.Azimuthal dependencies of the potentialsUe (a) andUg (b) for a two-level atom in the excited and ground states. The

dipole orientation vector is d x=ˆ ˆ (red solid curve) and ẑ (blue dashed curve). The distance from the atom to thefiber surface is
r a 200 nm- = . Other parameters are as forfigure 2.

Figure 16.Two-dimensional spatial profiles of the potentialsUe (upper row) andUg (lower row) for a two-level atom in the excited

and ground states. The dipole orientation vector is d x=ˆ ˆ (left column) and ẑ (right column). Other parameters are as for figure 2.
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depending on the position r of the atom. The repulsive feature of the force in the region of large r ismainly due to
the fact that a positive detuning 0D was used in the calculations.

When the atomic dipolematrix-element vector is a complex vector, the propagation direction
dependence of the Rabi frequency and the asymmetric spontaneous emissionmay occur as shown earlier. In
this case, the absolute value of the total forcemay depend on the propagation direction of the probe field.We
plot in figures 20 and 21 the radial and azimuthal dependencies of the components of the total force F in the

case where the dipole orientation vector is a complex vector d x zi 2= -ˆ ( ˆ ˆ) . The incident light field is in an
x-polarizedHE21mode. The figure shows that the absolute values of components of the force depend on the
propagation direction fL. For the parameters of figure 20, wherej=0, the azimuthal component Fj vanishes
and is therefore not shown in this figure. However, in the case of figure 21, wherej is arbitrary, Fjmay
become nonzero.

Figure 17.Radial dependencies of the radial components Fr
evdW( ) (a) and Fr

gvdW( ) (b) of the van derWaals forces on the atom in the

excited and ground states. The dipole orientation vector is d r=ˆ ˆ (red solid curve), ĵ (green dashed curve), and ẑ (blue dotted curve).
Other parameters are as forfigure 2.

Figure 18.Azimuthal dependencies of the azimuthal components F evdW
j
( ) (a) and F gvdW

j
( ) (b) of the van derWaals forces on the atom

in the excited and ground states. The dipole orientation vector is d x=ˆ ˆ (red solid curve) and ẑ (blue dashed curve). The distance from
the atom to thefiber surface is r−a=200 nm.Other parameters are as forfigure 2.
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5. Summary

In this work, we have calculated analytically and numerically the force of light on a two-level atomnear an
ultrathin opticalfiber.We have derived the expressions for the force in terms of themode functions and the
Green tensor.We have shown that the total force consists of the driving-field force, the spontaneous-emission
recoil force, and the fiber-induced van derWaals potential force. The axial component of the driving-field force
is a light pressure force, while the radial component is a gradient force. The azimuthal component of the driving-
field forcemay also appear and is, in general, a combination of the pressure and gradient forces in the azimuthal
direction.Due to the existence of a nonzero axial component of the field in a guidedmode, the Rabi frequency
and hence themagnitude of the force of the guided driving fieldmay depend on the propagation direction.
When the atomic dipole rotates in themeridional plane, the spontaneous-emission recoil forcemay arise as a
result of the asymmetric spontaneous emissionwith respect to opposite propagation directions. The
spontaneous-emission recoil force has a nonvanishing axial or azimuthal componentwhen the atomic dipole

Figure 19.Radial dependencies of the axial component Fz (a) and the radial component Fr (b) of the total forceF of thefield on the
atomwith the dipole orientation vector d x=ˆ ˆ . The detuning of the driving field from the atom in the absence of thefiber is

2 10 MHz0 pD = . The power of the driving field isP=100 pW.The fiber-induced shift of the atomic transition frequency is taken
into account. Other parameters are as forfigure 2.

Figure 20.Radial dependencies of the axial component Fz (a) and the radial component Fr (b) of the total forceF of thefield on the
atomwith the complex dipole orientation vector d x zi 2= -ˆ ( ˆ ˆ) . The incident lightfield is in an x-polarizedHE21mode and
propagates in the forward fL=+1 (solid red curves) or backward fL=−1 (dashed blue curves) direction along thefiber axis z. The
detuning of the driving field from the atom in the absence of thefiber is 2 10 MHz0 pD = . The power of the driving field isP=
100 pW.The fiber-induced shift of the atomic transition frequency is taken into account. Other parameters are as forfigure 2.

18

New J. Phys. 20 (2018) 093031 F LKien et al



rotates in themeridional or cross-sectional plane, respectively. The van derWaals potential for the atom in the
ground state is off-resonant and opposite to the off-resonant part of the van derWaals potential for the atom in
the excited state. Unlike the potential for the ground state, the potential for the excited state has a resonant part,
which is dominant with respect to the off-resonant part, andmay oscillate depending on the distance from the
atom to the fiber surface.

Our results are fundamental, as they quantify a newphysical behavior of the force of light. They can also be
envisioned to have significant influence on ongoing and future experiments in quantumand atomoptics.
Having a controllable force of a structured lightfield on atoms can help to develop near-field optics, break the
existing limits, and reach newdynamical regimes.
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Appendix. Green tensor in terms ofmode functions

The generalizedGreen tensorG can be decomposed as G G Ggd rd= + , where the parts Ggd and Grd are related
to guided and radiationmodes, respectively. For clarity, we nowuse the explicit expressions Nfpm w= ( ) and

lpn wb= ( ) for themode indices of guided and radiationmodes, respectively. According to [48], the partsGgd

andGrd are given in the upper half-plane of the complex frequencyωc as
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where r=(r,j) and rr , j¢ = ¢ ¢( ).We can show that theGreen tensor satisfies the Schwarz reflection principle
G R R G R R, ; , ;c c* *w w¢ = ¢ -( ) ( ) [47].

On the realω axis, theGreen tensor is defined as G R R G R R, ; lim , ; i0 w w¢ = ¢ + +( ) ( ).We use the
identity

Figure 21.Azimuthal dependencies of the axial component Fz (a), the radial component Fr (b), and the azimuthal component Fj (c) of
the total force F of thefield on the atomwith the complex dipole orientation vector d x zi 2= -ˆ ( ˆ ˆ) . The distance from the atom to
the fiber surface is r−a=200 nm.Other parameters are as forfigure 20.
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where 0  +. Then, for a positive real frequencyω0, wefind
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Inderiving the above equations,wehave taken into account the facts that the results of the summations
e r e r e eNfp

Nfp Nfp pl f z zi i*å ¢w w j j b- ¢ - ¢( ) ( )( ) ( ) ( ) ( ) and e r e r e elp
lp lp l z zi i*å ¢wb wb j j b- ¢ - ¢( ) ( )( ) ( ) ( ) ( ) are real tensors.Whenwe

use theproperties of themode functions,we can show thatG G GR R R R R R, ; , ; , ; 0r z zrw w w= = =j j( ) ( ) ( ) .
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